ABSTRACT Traditional rigid actuators are not applicable to robot applications involving explosive actions. Solutions suggested by previous studies have mainly focused on the concept of stiffness variation, its design and verification, and the explosive actions of variable stiffness joint actuators. This paper proposes a variable stiffness actuator that features a leaf spring as the elastic element and a pair of disks with two Archimedes spiral grooves as the stiffness adjusting mechanism, maintaining φ114 mm×130 mm overall dimensions and a full range (i.e., 127-2095 Nm/rad) of stiffness variation driven by a 7.2-W motor and, therefore, creating a competitive advantage in both compactness and energy saving capacity. The proposed actuator is intended as a dynamics model to predict the exact kicking speed under any given initial conditions of joint stiffness, kicking time, and load mass and for uses in the joints of industrial and/or service robots that frequently involve explosive actions.
I. INTRODUCTION
With rapid growth in applications of collaborative robots in service and assembling areas in recent decades, extensive attention has been directed to the safety issue in close humanrobot interactions, specifically to rigid actuators, which are now widely acknowledged as a major source of such safety risks [1] . Thus, one reasonable approach to enhance the inherent safety of robots is to incorporate variable stiffness actuators, which make the robots more adaptive to environmental uncertainties [2] , [3] .
Much effort has been made in the past three decades to develop compliant actuators. In 1990s, passive compliant actuators such as the well-known Series Elastic Actuator (SEA) [4] were used in robot joints. However, joint compliance cannot be adjusted during operation due to the passiveness of such actuators, which limit dynamic and energy-saving performance of robots.
To further improve their performance in high dynamic environment, two types of stiffness variable joint actuators have been developed for different robotic applications in the past two decades. One type is a series of bio-inspired antagonistic setups such as Variable Stiffness Actuator (VSA) [5] - [7] , Actuators with Mechanically Adjustable Series Compliance (AMASC) [8] , Pneumatic Artificial Muscles (PAM) [9] , Quasi-Antagonistic Joints (QA-Joint) [10] and Cable Based Active Variable Stiffness Module [11] . The other refers to the many actuators with mechanically adjustable compliance, including the Mechanical Impedance Adjuster (MIA) [12] , the Jack Spring [13] , Mechanically Adjustable Compliance and Controllable Equilibrium Position Actuator (MACCEPA) [14] , Variable Stiffness Joint (VS Joint) [15] , Safe Joint Mechanism [16] , Compliant Transmission Elements (CTE) [17] , Hybrid Variable Stiffness Actuator (HVSA) [18] , Actuator with Adjustable Stiffness-II (AwAS-II) [19] , Variable Stiffness Actuator UT-II (vsaUT-II) [20] , Cam Disk Variable Stiffness Mechanisms [21] and Variable Stiffness Actuator Based on Modified Gear-Rack Mechanism (vsaMGR) [22] . Both types of designs are capable of decreasing peak power and energy consumption if the stiffness of their elastic elements is tuned properly [23] . But a more compact setup of VSA is still in urgent demand in robot-human collaborative applications.
Despite all their achievements, such compliant actuators are however proved inefficient by the many stiffness variation experiments that have been performed on various robots to demonstrate their explosive actions, including ball-kicking [24] , [25] , ball-throwing [26] , [27] and hopping [28] , [29] . First, results of these experiments merely provide a rough qualitative specification of the joint stiffness in relation to flight distance of the target. When the joint stiffness is at the highest level, the farthest distance occurs [24] , thus failing to quantitatively describe its transient performance during an explosive action. Second, in these experiments, the variable stiffness actuators resort to a variety of control strategies, only to render some broad/general calculation or description of the key components involved in explosive actions. By using optimal control theory to study the dynamic behavior of nDOFs robots with compliant actuators [30] , for example, an explosive link velocity was achieved by appropriately controlling the joint motor [31] , the hammering performance was substantially improved by changing the spring stiffness [25] , the explosive movement tasks were conducted on a twolink variable stiffness robot by an optimal control formulation [32] , and the natural dynamic performances of hopping robots can be changed by maximizing the energy efficiency of actuators [28] , all unable to yield an accurate prediction of explosive actions. Thus, a dynamic model is required in order to quantitatively explain the explosive action, especially the transient behavior.
In summary, two major challenging issues about variable stiffness actuators limit the high performance of explosive actions: One is compactness and the other is dynamics. This paper therefore first proposes a variable stiffness actuator with a disk-like shape and low-power consumption, making it more applicable to universal robots. Accordingly, Spiral Disk Regulating mechanism (SDR) is presented, a stiffness regulating device structured by a pair of disks with two Archimedean grooves, with obvious advantages in compactness and high power efficiency in comparison with the existing VSAs: its stiffness variation range is 127-2095Nm/rad, its regulation time is within 1 second, and a full stiffness regulation is driven by a 7.2 Watt step motor. A dynamic model is also built to reveal the interaction between transient vibration behavior and explosive speed, explaining the dynamics that intrinsically controls the energy conversion between the kinetic energy and the elastic potential energy, especially in an explosive action.. One significant finding thus yielded is that the explosive speed is determined simultaneously by three factors: the joint stiffness, the kicking time and the ratio of the joint mass to the mass of environment.
The rest of this paper is organized as follows: Section II describes the design and implementation of the proposed SDR and its main parameters in comparison with the existing VSAs, Section III presents the resulted dynamic model and its simulation, Section IV reports the related experiments and the last section includes the conclusion developed from the exploration and points out areas for future research.
II. DESIGN AND IMPLEMENTATION

A. MECHANICAL DESIGN
Outstanding compactness and energy saving capacity is shown in the proposed variable stiffness actuator, which is intended as a dynamics model to predict the exact kicking speed under any given initial conditions for future uses in the joints of industrial and/or service robots that frequently involve explosive actions. The schematic diagram of Variable Stiffness Actuator based on Spiral Disk Regulating Mechanism (vsaSDR) in Fig. 1 shows it as a joint structure that comprises an output end that supports external load, two pivots that are placed in the grooves of the disks to regulate joint stiffness, and a crossshaped leaf spring centrally fixed to store and release the elastic potential energy in its left and right flexible arms, with its upper and lower arms rigidly connected to the harmonic drive of the joint. To present the regulating mechanism, an exploded view of vsaSDR is shown in Fig. 2 . The working mechanism VOLUME 6, 2018 for vsaSDR to achieve adjustable joint stiffness can be explained as such: when a load torque T is applied onto points A 1 and A 2 , which are fixed on the top/bottom surface of the flexible arms and also the contact points between the leaf spring and the output end 8, the length l between A 1 and A 2 remains a constant, whereas the distance between points B 1 and B 2 , where the two pivots contact the leaf spring 6, varies at an equal speed with the rotation of the disks 4 and 7 that are rotated by the regulating motor 13 to change the effective length of the leaf spring 6, defined as x, the distance between A 1 and B 1 or between A 2 and B 2 . In such cases, the bending stiffness of the leaf seen as a cantilever is adjustable, and hence, the torsional joint stiffness of vsaSDR K is determined by the angular displacement of the regulating motor. This means that the regulating motor 13 is able to adjust K by the proposed regulating mechanism SDR. In addition, the magnitude of the tangential component of the contact force is much smaller than that of the radial force component at any point in the Archimedes grooves in the disks 4 and 7. Thus, the regulating disks can be driven by a very small motor to achieve greater energy efficiency. The proposed variable stiffness actuator is shown in Fig. 3 , including the joint motor, the timing belt drive, the harmonic drive, the connection, the SDR and the output link. This actuator can be used as a flexible joint of a walking/ running robot featuring adjustable joint stiffness.
The major parameters of vsaSDR are shown in Table 1 . The prototype vsaSDR that is then created with the listed parameters, as is shown in Fig. 4 , obtains a level of compactness and energy saving capacity that triumph over those of Variable Stiffness Joint (VSJ), AwAS-II, and vsaUT-II, which is well supported by the dimension and regulating power in Table 2 .
On the other hand, the major drawback of the prototype is that the maximum angular deflection is as small as 1.3 • , which limits the capacity of energy storage.
B. STIFFNESS PROFILE
The theoretical joint stiffness of the prototype vsaSDR can be obtained by applying the superposition principle of a Bernoulli beam to the leaf spring, as is expressed in the following equation:
In Eq. (1), K stands for the joint stiffness of the prototype, whereas E is the elastic modulus of the material, I is the moment of inertia of the beam section, I 1 = π d 4 1 /32 is the moment of inertia of the roller's shaft, d 1 is the diameter of the roller's shaft, θ is the angular deflection of vsaSDR, c is the distance between the front and rear pins, and d is the axial length of the roller. As θ is very close to 0, cos 2 θ ≈ 1. With all these parameters given in the design, K is therefore only dependent on the regulating displacement x of the roller's displacement.
The actual joint stiffness of the prototype results from a much more complex process: First, the angular deformation of the regulating motor is measured by the potentiometer when external torque is applied onto the output link at each of the ten stops chosen from the movement of roller components with a start x = 28mm and at a stop of x = 4mm. Next, to validate that the stiffness profile is equal in both directions, the identification test is repeated with the external torque reversed, the resulting test data recorded in Fig. 5a . Then, linear fitting techniques are used to construct the stiffness profile, which points to the actual stiffness of the prototype. These two sets of data are then compared in Fig. 5b . The result is that the actual stiffness profile matches the theoretical stiffness profile very well in the full stiffness range from 127 to 2095Nm/rad, providing strong evidence for the stiffness regulating capacity of SDR. 
C. STIFFNESS STEPS
Stiffness steps are implemented to evaluate the stiffness regulation capacity of the prototype SDR. The action of stiffness steps occurs when the nominal torque of 3.0Nm is applied to the output-end and the regulating motor is, as defined by Eq. (1), controlled to regulate the joint stiffness from the minimum K min (127Nm/rad) to the maximum K max (2095Nm/rad), and then from K max back to K min . The stiffness step action is repeated 2 times. As is shown in Fig. 6 , the responses for the steps in the experiment indicate that it takes about 1.00s from K min to K max and 1.05s from K max to K min , with the maximum angular deflection variation between the first and the second stiffness step as small as 0.07 • . Hence the repeatability of stiffness regulation is proved under the joint torque. In addition, when the joint stiffness is at K min , the angular deflection is 1.25 • and thus the actual joint stiffness K act 137Nm/rad, with a mere 7.9% relative stiffness error in comparison with that of K min . Hence the accuracy of stiffness regulation is achieved in a controlled way in case of a dynamic action.
III. A DYNAMIC MODEL
As is shown in Fig. 7 , a dynamic model of vsaSDR is built to investigate its explosive action. In this model, both the joint motor and the output link are assumed as rigid bodies, whereas the belt drive and the harmonic drive are specified as flexible bodies with damping. The second order differential equations can be used to formulate the dynamic behavior of vsaSDR as follows:
(2) VOLUME 6, 2018 where T 0 , θ 0 , and J 0 are the input torque, angular displacement and rotor inertia of the joint motor respectively; θ 2 , k 1 , B 1 , J 1 and N 1 are the output angular displacement, angular stiffness, damping, inertia and teeth ratio of the belt drive respectively; θ 3 , k 2 , B 2 , J 2 and N 2 are the output angular displacement, torsional stiffness, damping, moment of inertia and reduction ratio of the harmonic drive respectively; θ 4 , K , B, and J are the output angular displacement, stiffness, damping and moment of inertia of SDR respectively; T l is the external load torque.
The angular displacement vector and the torque vector are given as,
hence the dynamic equation in matrix
where the matrix of the inertia, of the damping and of the stiffness are respectively listed as
IV. EXPERIMENTS
Based on Eq. (3) from the above model, simulation of the dynamic behavior of vsaSDR is realized in the software of AMESim (Advanced Modeling Environment for performing Simulation of engineering systems) produced by LMS Imagine Lab. A step move experiment is first performed to identify the dynamic parameters of vsaSDR. And then kicking experiments are conducted to explore its explosive movement behavior. 
A. STEP MOVE EXPERIMENT
To identify the inertia and the damping of SDR, a step move experiment is conducted with the axis of vsaSDR perpendicular to the horizontal plane, and the base rigidly connected to the ground. After the joint stiffness is adjusted to its minimum value 127Nm/rad, the joint motor is first controlled to rotate the output link to 90 • , and then stopped to brake suddenly at the time of 0.5s. The angular displacement of the harmonic drive is recorded by the joint motor's encoder, diagrammed as the solid curve in Fig. 8a , and the relative angular displacement between the harmonic drive and the output end is recorded by the potentiometer sampled at the frequency of 1000Hz, as is shown in Fig. 8b . The angular displacement of the output end is the sum of the two, presented as the dashed curve in Fig. 8a . In the step move experiment, SDR is regarded as a SDOF system under free vibration at the time 0.5s (the vertical solid line in Fig. 8b) , and thus it can be modeled as a combination of mass, spring and damping. When the angular displacement of the mass appears in the right part of Fig. 8b , the moment of inertia and the damping of SDR can be identified by an oscillatory second-order system. The dynamic parameters of the belt drive are calculated by using existing formulas, and those of the harmonic drive are obtained from its specification. All the dynamic parameters in Eq. (3) are given in Table 3 .
B. KICKING SIMULATION
Kicking simulation is performed to demonstrate the transient performance of vsaSDR with the modules of Signal control, Mechanical library and Power train library in the software of AMESim. First, the simulation model of explosive action is created by substituting the parameters in Table 3 into Eq. (4), including four components: the input, gear train, SDR, the mass load (in the third box of Fig. 9 ) and the kicking module, as is shown in Fig. 9 . Next, some control parameters inside the controller and amplifier of the joint motor are set as constants in the kicking simulation, as the torsional compliance of the joint motor depends in part on them. Then, when the joint motor is controlled to track the expected trajectory, its actual motor trajectory is captured as the input feeding the simulation. By using the simulation model in Fig. 9 , the simulated angular speed of the output link is obtained, especially when the peak speed occurs.
C. KICKING EXPERIMENTS
In some earlier literature, the authors did some qualitative kicking experiments. For example, in [26] , the dart could reach the dart board with the minimum joint stiffness, but only the joint stiffness is taken into account in their experiments. Furthermore, in [24, Table 3] , the balls fly farther if the stiffness of the VSJ is at its maximum, even though the mass of the balls are different. This result is based on the assumption that the output link is in a stable state or at a constant speed. But, the transient behavior or the vibration is not considered in both [24] and [26] because of the lack of dynamics. Thus, our goal is to predict the exact kicking speed given any initial conditions after the dynamic model with the identified dynamic parameters is built.
Based on the dynamic model and simulation results, four sets of ball-kicking experiments are conducted to investigate the dependency of the kicking speed on the joint stiffness, the kicking time and the ratio of the joint mass to the mass of environment, as is shown in Table 4 . As is shown in Fig. 10 , the four kicking experiments all have the ball placed in the horizontal plane, waiting to be kicked by the 270mm-long output link of vsaSDR, with the mass block attached to its end as the load mass. In the first two tests, the target is a table tennis ball (m t1 = 2.2g, d t1 = 39.8mm) and in the last two tests a billiard ball (m t2 = 146.4g, d t2 = 50mm), each kicked by the output link at the highest and lowest levels of the joint stiffness respectively.
In Test 1 and Test 4, the output link kicks at its peak speed (a transient state), while in Test 2 and Test 3 it kicks at a constant speed (#7. Max. speed in Table 1 , 180 • /s). Test 1 and Test 2 differ in kicking speed, and Test 1 and Test 4 differ in mass of ball while Test 2 and Test 3 differ in load mass, thus rendering two different definitions of the explosive speed: the first partially in terms of the kicking time and the second partially in terms of the ratio of the load mass to the mass of ball instead. In each test, the actual angular speed of the output link is tested and further matched against the corresponding simulated values in Figs. 11-14 . When the height h is given, the ball flies along a parabolic curve. And the horizontal distance s between the point of fall of the ball on the ground and the initial position is measured as the only determinant of the kicking speed v 0 , as is shown in Table 5 .
When the simulated results of the kicking and angular speeds are compared with the corresponding test results, their relative error is found not above 4.74%, mainly caused by such uncertainties of the joint as the friction, and the backlash. The dynamic model of vsaSDR therefore validates in the present work.
The results of Test 1 and Test 4 run opposite to those of some earlier papers, because the kicking of the output link in Test 1 and 4 is at its peak speed whereas the kicking in earlier experiments was at a constant speed. The kicking speed is determined by the critical kicking time dependent on the transient behavior of the actuator which can be predicted by the dynamics model. As is shown in Fig. 11b , the time delay between the actual kicking time and the predicted is 20ms, a gap mainly caused by the uncertainty of the joint actuator's damping and backlash, the sampling period (1ms) and the numerical differentiation computation employed to solve the actual angular speed. In Test 4 the mass ratio is decreased by 7 times compared to that in Test 1, and a sudden drop of angular speed occurs in Fig. 14a . It has been proved that explosive speed depends partially on the ratio of VSA joint mass to the mass of environment. In Test 2 and 3, where the ball is kicked at a constant speed, the load mass in Test 3 (573.3g) is smaller than that in Test 2 (1072.6g), while the mass of the kicked ball in Test 3 (146.4g) is larger than that of Test 2 (2.2g). The tests and simulations show that the kicking speed in Test 3 is lower than that in Test 2. Therefore the kicking speed is inversely proportional to the load mass or the mass of the kicked ball, which is governed by the energy conservation principle.
Without consideration of the dynamics of the electrical motors, all four tests also prove that the kicking speed is partially dependent on the joint stiffness. For a robotic application, appropriate regulation of the joint stiffness is thus an effective way to improve the performance of explosive action and human-robot interaction.
Therefore, for a given joint actuator with variable stiffness, the explosive speed depends on these three factors: the joint stiffness, the explosive time and the ratio of VSA joint mass to the mass of environment.
One undesirable finding from these experiments is that the maximum kinetic energy of the kicked ball gained from kicking actions is 0.17J, nearly 50% of the capacity of elastic energy of vsaSDR. This means, if vsaSDR is used to kick a football or catch a frisbee, the demand of kinetic energy is up to several Joules, far beyond the current design. In such cases, the storage capacity of elastic energy should be much increased by enlarging the 14 th parameter, Maximum deflection with maximum stiffness in Table 1 . In addition, compared with VSAs using linear springs, the prototype vsaSDR involved in the experiments has one major drawback, the small angular deflection. This is partly because its leaf spring is made of steel, a material with low allowable deformation, and partly because when the superposition principle is applied to the leaf spring, as is described in Section II-B, the accuracy of stiffness regulation can decrease with too much angular deflection and small oscillations on the curve of test results mainly result from the backlash between the roller components and the leaf spring. This means possible perfection through composite material with high allowable deformation and improvement of the model.
V. CONCLUSION AND FUTURE WORK
A new variable stiffness actuator-vsaSDR is proposed by implementing a disk regulating mechanism with Archimedes grooves. The advantages of vsaSDR lie in its compactness (φ114×130mm) and energy saving capacity, with stiffness variation achieved through the control of the angular displacement of the disks nearly independent of the joint position. The vsaSDR also promises a nonlinear regulation of joint stiffness in a large range (127-2095Nm/rad) just based on a short displacement (24mm). The newly resulted stiffness regulation can be driven by a very small motor (7.2Watt), requiring a far lower power capacity as the tangential force component of the regulating disk is much smaller than the radial one. Compared with earlier VSAs using linear springs or leaf springs, the high compactness and low power consumption of vsaSDR has been proven while its major drawback is the limited allowable angular deformation. A dynamic model of vsaSDR is then created and simulations and experiments are conducted to define the explosive speed of vsaSDR actions in terms of three factors: the joint stiffness, the kicking time and the ratio of the VSA joint mass to the mass of environment. Through the established dynamic model of vsaSDR, the transient behavior of vsaSDR's mechanical system has been predicted as accurate as −4.74%. This paper therefore suggests an effective way for improving explosive movements involving VSAs and points to vsaSDR as a knee joint in a robotic leg to perform the walking and kicking tasks. Future research may focus more on the control of a 2DOFs leg with vsaSDR to find out the optimal control strategy with lowest power consumption for any explosive action. 
